Magnetic clouds observed at 1 AU are modeled as cylindrically symmetric, constant alpha force-free magnetic fields. The model satisfactorily explains the types of variations of the magnetic field direction that are observed as a magnetic cloud moves past a spacecraft in terms of the possible orientations of the axis of a magnetic cloud. The model also explains why the magnetic field strength is observed to be higher inside a magnetic cloud than near its boundaries. However, the model predicts that the magnetic field strength profile should be symmetric with respect to the axis of the magnetic cloud, whereas observations show that this is not generally the case.
INTRODUCTION
A magnetic cloud was identified by Burlaga et al. [1981] as an interplanetary structure with a dimension of the order of 0.25 AU in which the magnetic field strength is higher than average, the magnetic field direction rotates monotonically through a large angle, the temperature is low, and the plasma beta is significantly lower than 1. Observations concerning the nature, origin, and evolution of magnetic clouds were reviewed by Burlaga [1984] . Burlaga et al. [1981] and Klein and Burlaga [ 1982] considered some possible magnetic field configurations in magnetic clouds, and in particular they considered the possibility that magnetic clouds might be similar to the Bennett pinch configuration in which the magnetic field lines are a family of circles centered about the axis of the magnetic cloud or to a family of tightly wound helices. Models of pinch configurations were constructed by Suess [1988] . The failure to observe low magnetic field intensities in magnetic clouds, the instability of the pinch configuration, and the general incompatibility of the observed magnetic field patterns with the pinch configuration led Burlaga and Behannon [1982] to consider other configurations that were consistent with the observations, but they did not arrive at a unique result. A quantitative model of a more general type of magnetic cloud was presented by Iranov and Harshiladze [1984] based on earlier ideas of Parker [1957] , but no attempt was made to fit the observations.
The idea that magnetic clouds are force-free configurations was first published by Goldstein [1983] , who argued qualitatively that the pattern of magnetic field directions associated with the motion of a magnetic cloud past a spacecraft that was drawn by Burlaga and Behannon [ 1982] could be produced by a cylindrically symmetric force-free magnetic field configuration with variable alpha in which the magnetic field lines are a family of helices. The idea that force-free fields might be observed on the Sun and in astrophysical plasmas was introduced by Lust and Schluter [1954] .
In general, a force-free configuration is given by the equation curl B = aB, where a is a function of position, and there is an infinite number of configurations corresponding to the possible choices of a. "Force free" means that the Lorentz force vanishes; however, one can regard a forceThis paper is not subject to U.S. copyright. Published in 1988 by the American Geophysical Union.
Paper number 7A9313. free configuration as one in which the magnetic pressure is balanced by the tension of the curved magnetic field lines [Ferraro and Plumpton, 1966] . Three general ways to specify a force-free configuration are discussed by Hood [1985] . Goldstein [1983] suggested the use of cylindrical symmetry and an arbitrary generating function, following Lust and Schluter [1954] , but he did not write down a particular solution which might describe the observations. Marubashi
[1986] assumed cylindrical symmetry and chose a particular variation of the pitch angle to with distance R from the axis of a cylindrical magnetic cloud, namely, to -R 2, and he obtained good fits to the observations of two magnetic clouds in this way. The approaches of Goldstein and Marubashi are unsatisfactory insofar as they involve an arbitrary choice of some function.
A simple solution for a cylindrically symmetric force-free field with constant alpha was found by Lundquist [ 1950] , and many subsequent studies have shown that constant alpha force-free fields are very special and important configurations. Taylor [1974 Taylor [ , 1976 Taylor [ , 1986 ] conjectured that in a plasma with a finite resistivity, however small, confined to a volume bounded by perfectly conducting walls, the helicity over the whole volume is constant, and the system evolves by turbulent relaxation to a constant alpha force-free configuration. This concept has been applied to astrophysical jets (Konigl and Choudhur [1985] ; but see Turner [1986] ) and to solar magnetic fields [Heyvaerts and Priest, 1984] .
By minimizing the magnetic energy subject to the constraint of constant magnetic helicity, Woltjer [1958] has shown that a force-free field with constant alpha represents the state of lowest magnetic energy which a closed ideal magnetohydrodynamic (MHD) system may attain. He claimed that such a system is stable, and he suggested without proof that it represents the natural end configuration of a system with dissipation. The stability of constant alpha force-free configurations was discussed from a different point of view by Chandrasekhar and Woltjer [1958] . On the other hand, it is not clear that a constant alpha force-free configuration is stable. Voslamber and Callebaut [1962] showed that a force-free field with constant alpha is unstable to kink-type perturbations. However, the characteristic wavelength is several times the cylinder radius, and the growth time of the instability is much larger than the transit time to 1 AU in the case of a magnetic cloud.
Force-free fields with nonreversed axial field are believed to be MHD unstable because of a minimum in the q profile [Taylor, 1976] . Moreover, it is not clear that the limit of zero pressure and resistivity is the same as the case of precisely zero pressure and resistivity which was considered by Lundquist. Field [1986] has derived the equation for magnetostatic equilibrium using a variational principle which includes the internal energy associated with thermal pressure, and he observed that in the limit p -• 0 one recovers the force-free field equation, but there is no implication that alpha is constant. Since the thermal pressure in magnetic clouds is small but not zero, Woltjer's argument and Lundquist's solution need not apply to magnetic clouds if Field is correct. Turner and Prager [1987] showed that the constant alpha force-free configuration is not a steady state in the presence of resistive dissipation, no matter how small. However, it is a minimum energy state when the resistivity is zero, and that is the mean configuration of a temporally varying state when the resistivity is finite. Using a three-dimensional incompressible MHD code, Dahlburg et al. [1986] showed that a turbulent pinch does tend to relax to a force-free configuration with nonconstant alpha, but it is not clear that magnetic clouds evolve in this way.
Magnetic clouds are of finite extent, they have a resistivity which is vanishingly small, and they have a small but nonzero thermal pressure. They are immersed in an infinitely conducting plasma in which the magnetic pressure is of the order of the magnetic pressure in the magnetic cloud. In general, the magnetic cloud may be bounded by a current sheet, but a systematic study of the boundaries of magnetic clouds has not been made. In the absence of such a boundary there could be no force-free magnetic cloud, since as a result of the virial theorem there are no force-free magnetic fields, other than B = 0, for which J is confined to a finite volume and B is everywhere differentiable [Moffatt, !978, p. 28] . There is at present no theory of how a magnetic cloud forms, and in particular there is no theory of how a magnetic cloud might evolve to a force-free configuration. Moreover, there is no stability analysis of a constant alpha configuration for a free boundary in a compressible plasma. Thus we have no bias for predicting that a magnetic cloud should be a stable constant alpha force-free configuration. Nevertheless, it is reasonable to ask whether Lundquist's solution can provide a description of magnetic clouds, in view of the success of Marubashi's model and given that much is known about constant alpha force-free configurations.
The aim of this paper is simply to determine whether or not Lundquist's solution for a cylindrically symmetric forcefree magnetic field with constant alpha (given in section 2) can describe the types of signatures observed in the solar wind at 1 AU when magnetic clouds move past a spacecraft. In section 3 it is shown that Lundquist's solution does describe several types of variation of the magnetic field direction observed in magnetic clouds, but • is less successful in describing the variation of the magnetic field strength. Our result provides a convenient means of summarizing the observations of magnetic clouds, and it suggests a method of determining the local orientation of a magnetic cloud. The observed connection between magnetic clouds and constant alpha force-free magnetic fields (bearing in mind its limitations) raises a number of theoretical questions concerning the stability, formation, and evolution of magnetic clouds and empirical questions concerning the structure, boundary, origin, and evolution of magnetic clouds, which are discussed briefly in section 4. [Elphic and Russell, 1983 ], but the model which they introduced is different from the force-free configuration. It would be of interest to determine whether or not the constant alpha force-free solution is also applicable to the flux ropes observed at Venus and Earth, but this will not be considered here.
In reality, a magnetic cloud cannot extend to infinity; hence it must be curved as indicated at the top of Figure 1 . It is not known whether the ends of the magnetic cloud are anchored at the Sun or detached from the Sun and joined together to form a torus.
The data that will be considered below are hour averages of the magnetic field from the experiments of Ness and Lepping on the IMP spacecraft and Smith on ISEE 3. The magnetic field is given in solar ecliptic coordinates, where the X axis points from the Earth to the Sun, the Z axis is 
FITS TO OBSERVATIONS OF MAGNETIC CLOUDS
In this section it will be shown that the constant alpha force-free magnetic field model of magnetic clouds can describe four types of magnetic field profiles observed during the motion of magnetic clouds past a spacecraft at 1 AU. Our choices of the 0, &, and B were made by trial and error, so that our fits are not optimal. In subsequent studies it may be desirable to devise a scheme for fitting the data to the model (1). The aim here is to show qualitatively that the model can produce the types of configurations that are observed. Quantitative models will have to address other factors, such as the interaction of the magnetic cloud with the medium ahead or with flows advancing from behind, the nonuniform speed profile within a magnetic cloud, the external total pressure, the internal plasma pressure, departures from cylindrical symmetry, expansion of the magnetic cloud, etc.
Marubashi has modeled two magnetic clouds using a cylindrically symmetric force-free magnetic field model with a variable alpha corresponding to a pitch angle of the magnetic field which increases as the square of the distance from the axis of the magnetic cloud. Let us consider how Little is known about the boundaries of magnetic clouds. In order to establish the boundary conditions, which are needed for theoretical studies, it will be necessary to determine the structure of the boundaries using high-resolution data and to determine the relation between the pressure of the plasma outside the magnetic cloud and the pressure inside the magnetic cloud.
Although this paper models magnetic clouds at 1 AU as static structures, it is known that magnetic clouds expand as they move away from the Sun. Since magnetic clouds are larger than the Sun, they must expand during their transit from the Sun to 1 AU. The velocity profile in some magnetic clouds is also indicative of expansion [Klein and Burlaga, 1982] . Evidence for continued expansion beyond 1 AU was presented by Burlaga and Behannon [1982] . Although the expansion near the Sun is likely to be dynamical, it is possible that expansion in the interplanetary medium is basically a geometrical effect as a consequence of the motion of a magnetic cloud radially outward in a spherically expanding flow. A static force-free configuration would be an appropriate model in such a circumstance if the time to relax to the force-free configuration is less than the expansion time. There is a need for a study of the stability of a constant alpha force-free field for perturbations of this sort.
It must be emphasized that the assumption of cylindrical symmetry is an approximation that can only be valid locally. 
